Abstract | Autophagy not only recycles intracellular components to compensate for nutrient deprivation but also selectively eliminates organelles to regulate their number and maintain quality control. Mitophagy, the specific autophagic elimination of mitochondria, has been identified in yeast, mediated by autophagy-related 32 (Atg32), and in mammals during red blood cell differentiation, mediated by NIP3-like protein X (NIX; also known as BNIP3L). Moreover, mitophagy is regulated in many metazoan cell types by parkin and PTEN-induced putative kinase protein 1 (PINK1), and mutations in the genes encoding these proteins have been linked to forms of Parkinson's disease.
Autophagy is the process of catabolism of cellular components, such as the cytosol, organelles and protein aggregates, through their encapsulation by a double-membrane structure known as the autophagosome 1, 2 . In yeast, the autophagosome is thought to develop from a single pre-autophagosomal structure (PAS), possibly through the co alescence of smaller vesicles 3 , whereas in mammalian cells its origin is multifocal. For example, in mammals the autophagosome can develop from a specialized double-membrane extension of the endoplasmic reticulum (ER) known as the omegasome 4 . Furthermore, recent reports indicate that, in some forms of autophagy, lipid for the autophagosomal membrane can be contributed by the ER (through contact with mitochondria, from which the auto phagosomal membranes bud 5 ) and the plasma membrane 6 . The newly formed double-membrane, which is known as an isolation membrane, surrounds cytosolic cargo, and its edges seal to sequester the contents into the autophagosome. This then fuses with a lysosome, allowing degradation of the cargo and the inner bilayer of the double autophagosomal membrane, which can be reused or catabolized for energy production (FIG. 1) . The different steps of autophagy, including the expansion of the isolation membrane and autophagosome production, are mediated and/or regulated by autophagy-related (Atg) proteins, over 30 of which have been identified 7 .
Two types of macroautophagy have been identified to date (FIG. 1) . Nonselective autophagy occurs on nutrient deprivation to supply cells with essential metabolic building blocks and energy until nutrients can once again be obtained from the extracellular environment. By contrast, cargo-specific autophagy occurs under nutrient-rich conditions to mediate the removal of superfluous or damaged organelles and protein aggregates that otherwise could be toxic. This can occur following changes in nutrient sources and during developmental processes. For example, a shift in the main carbon source of methylotrophic yeast species from glucose to methanol leads to increased proliferation of peroxisomes, which are removed by cargo-specific autophagy (in this case, termed pexophagy) when the carbon source is changed back to glucose (reviewed in ReF. 8) . Other cargo-specific autophagic processes include ribophagy (ribosome elimination) and xenophagy (the capture of intracellular pathogens).
A well-studied type of cargo-specific autophagy is mitophagy, which mediates the selective removal of mitochondria (FIG. 1b) . Mitophagy was first observed in mammalian cells by early electron microscopy studies, which identified increased mitochondrial sequestration in lysosomes following stimulation of hepatocyte catabolism with glucagon (reviewed in ReF. 9) . Using this model, as well as starvation and photodamage-induced autophagy, Lemasters and colleagues 10 coined the term mitophagy to describe the engulfment of mitochondria into vesicles that are coated with the autophagosome marker MAP1 light chain 3 (LC3; a homologue of yeast Atg8), a process that can occur within 5 minutes. LC3 (and Atg8) is an ubiquitin-like protein that is covalently attached to phosphatidylethanolamine during autophagosome biogenesis, which allows it to integrate into, and sculpt, the growing isolation membrane 11 and participate in cargo recruitment 12 . Another study found that in neurons cultured with caspase inhibitors to prevent cell dissolution, mitochondria were completely removed by mitophagy following apoptosis induction 13 . As mitochondrial outer membrane permeabilization occurs upstream of caspase activation during apoptosis, these results suggest that mitochondrial damage can induce mitophagy. These early studies indicated that mitophagy regulates mitochondrial number to match metabolic demand and might also be a form of quality control to remove damaged mitochondria.
In yeast 14 and mammalian cells 15 mitophagy is preceded by mitochondrial fission 16 , which divides elongated mitochondria into pieces of manageable size for encapsulation and also quality control segregation of damaged mitochondrial material for selective removal by mitophagy. Beyond quality control, mitophagy has been shown to be required for steady-state turnover of mitochondria 17 , for the adjustment of mitochondrion numbers to changing metabolic requirements 18 and during specialized developmental stages in mammalian cells, such as during red blood cell differentiation 19, 20 . In this Progress article we discuss recently identified pathways that mediate mitophagy in yeast and mammalian cells, including those involving the kinase PTEN-induced putative kinase protein 1 (PINK1) and the E3 ubiquitin ligase parkin (which have no yeast homologues). We also highlight how defects in mitophagy may contribute to human conditions such as Parkinson's disease.
Mitophagy in yeast
Mitophagy has been observed in yeast 17, 18 , which has facilitated the study of its molecular mechanisms. The product of uth1 is a SUN domain-containing protein that is located partially in the outer mitochondrial membrane (OMM), and this was found to be required for eliminating excess mitochondria that had been made redundant following nutrient changes 18 . Furthermore, ancient ubiquitous protein 1 (Aup1; also known as Ptc6), a member of the phosphatase 2C (PP2C) superfamily, was shown to facilitate mitophagy in stationary phase yeast grown under conditions in which respiration is favoured, perhaps reflecting the quality control elimination of overworked mitochondria 17 . More recently, two groups independently used mitophagy screens to identify dozens of new gene products that are required for this process, some of unknown function and other s with functions that were not previously linked to autophagy 21, 22 . In these screens, mitophagy was identified by the accumulation of mitochondrial proteins in the vacuole of stationary-phase respiring cells 17 . Although Aup1 and Uth1 were not identified in these studies, perhaps owing to the use of different yeast strains, both groups found that the autophagy protein Atg32 is necessary for mitophagy 21, 23 . Atg32 (which has no known metazoan homologue) is a 60-kDa protein spanning the OMM, with a carboxy-terminal domain in the intermembrane space and a ~40-kDa amino-terminal region in the cytosol. It is required for mitophagy that occurs in response to enforced respiration but not for non-selective autophagy in response to nutrient deprivation or for pexophagy 23 . Under mitophagy-inducing growth conditions, Atg32 binds to Atg11, which is known to recruit a range of cargo, including peroxi somes, into autophagosomes by interacting with Atg8. Interestingly, the cytosolic domain of Atg32 contains a WXXL-like Atg8-binding motif, which is required for binding to Atg8 and for mitophagy. Thus, Atg32 can interact with Atg8 indirectly through Atg11 and directly through the WXXL-like motif (FIG. 2a) . The direct and indirect (when bridged by Atg11) association of mitochondrial membrane-anchored Atg32 with isolation membrane-bound Atg8 is thought to recruit mitochondria into autophagosomes. Although Atg32 expression increases under oxidizing conditions, which suggests that it might also participate in mitochondrial quality control 21 , no defects in mitochondria were identified in Atg32-null yeast. How the expression and activity of Atg32 are regulated to eliminate the appropriate number of mitochondria remains unknown and is an intriguing area for further study. The range of genes that have been identified as being necessary for mitophagy in yeast suggests that distinct pathways probably mediate mitophagy for different purposes.
Mitophagy in red blood cells
Removal of undamaged mitochondria also occurs during key developmental processes. In most mammals, mature red blood cells lack mitochondria, and this is achieved by mitophagy during the maturation of immature red blood cells, which are known as reticulocytes 20, 24, 25 . The OMM protein NIP3-like protein X (NIX; also known as BNIP3L) could be involved in this process, as its expression greatly increases during the terminal differentiation stages of red blood cells 26 , and mature red blood cells from mice lacking NIX retain residual mitochondria 19, 27 . NIX (which has no yeast homologue) was originally thought to be a BCL-2 homology domain 3 (BH3)-only protein involved in apoptosis, so it could potentially induce mitophagy through apoptotic signalling. However, phylogenetic studies indicated that NIX is not a BH3-only protein 28 , and NIX-mediated mitophagy in reticulocytes does not seem to involve apoptotic mechanisms as it does not require the pro-apoptotic B cell lymphoma 2 (BCL-2) family proteins BAX or BCL-2 antagonist/killer (BAK) 19 . NIX is localized to the OMM and contains a WXXL-like motif facing the cytosol, which binds the mammalian Atg8 orthologue, LC3, and the LC3 homologue, GABA receptorassociated protein (GABARAP), in vitro and in vivo 29, 30 . This motif may directly recruit isolation membranes to mitochondria. The induction of mitophagy by NIX is thought to be mediated, at least in part, by direct binding to LC3 and GABARAP through its WXXL-like motif (FIG. 2b) . Consistent with this theory, mitophagy is not fully restored in NIX-null reticulocytes that are rescued with NIX lacking the WXXL-like motif. Although mitophagy can be rescued in NIX-deficient reticulocytes by depolarizing mitochondria with carbonylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) or the apoptosis-inducing BH3-mimetic It degrades a range of cytosolic contents, including proteins and many types of organelles. After their recruitment into isolation membranes, cytosolic components are sealed into autophagosomes that fuse with lysosomes. The degradation of these components in the lysosome supplies building blocks for re-use and for metabolism to provide ATP. b | By contrast, mitophagy occurs to eliminate mitochondria, either to regulate their number or to specifically remove ones that are damaged. Mitochondria are selectively recruited into isolation membranes, which seal and then fuse with lysosomes to eliminate the trapped mitochondria.
ABT737 (ReF. 27) , such depolarization seems to activate a NIX-independent mitophagy pathway 25 . The core autophagic proteins, UNC51-like kinase 1 (ULK1) and ATG7 are also required for mitophagy in reticulocytes 20, 24, 25 . [33] [34] [35] , which can lead to loss of flight muscle and dopaminergic neurons, and to male sterility that is ameliorated by promotion of mitochondrial fission [36] [37] [38] . Below we describe the signalling pathway mediated by PINK1 and parkin that induces mitophagy in mammalian cells.
Mitophagy in disease
Recent work has linked defects in mitophagy to Parkinson's disease. Two genes, which encode the OMM kinase PINK1 (ReF. 31) and the cytosolic E3 ubiquitin ligase parkin 32 , are mutated in autosomal recessive Parkinson's disease. These proteins have been found to work in the same pathway to suppress mitochondrial damage in flies
Parkin translocates to damaged mitochondria.
Parkin is an E3 ubiquitin ligase, dysregulation of which is linked to Parkinson's disease and loss of neurons of the substantia nigra. Parkin is robustly expressed in many tissues, including brain, skeletal muscle, heart and liver tissues, which suggests that it has a widespread physiological role 39 . One hour after stress induction by mitochondrial uncouplers (which mimic damage by decreasing the mitochondrial inner membrane electrochemical gradient that is used to produce ATP), parkin translocates from the cytosol to mitochondria in many cultured cell types, including neurons and HeLa cells 40 (Supplementary information S1 (movie)). Administration of other mitochondrial poisons, such as Paraquat in many cell types 40 and azide in cells lacking mitochondrial DNA (mtDNA) 39 , also induces parkin translocation to mitochondri a. Interestingly, when mitochondrial fusion is blocked and a subset of mitochondria become impaired and lose membrane potential, parkin translocates to the subset of damaged mitochondria without accumulating on healthy mitochondria in the same cell 40 . Furthermore, when cells are incubated for up to 1 day with mitochondrial uncouplers, parkin mediates selective elimination through mitophagy of all mitochondria in a large proportion of the cells 40 . Based on the selective recruitment of parkin to damaged mitochondria and the induction of their removal by mitophagy, it was proposed that parkin mediates a mitochondrial quality control pathway to maintain organelle population fidelity by removing damaged mitochondria. Consistent with this proposal, overexpression of parkin in heteroplasmic cybrid osteo sarcoma cells eliminates mitochondria that have deleterious mutations in cytochrome oxidase subunit I (COXI; encoded by mtDNA) and not wildtype mitochondria. This selectively eliminates the mitochondria with mutations in COXI, thereby enriching cells with wild-type mtDNA and rescuing cytochrome oxidase activity 39 
.
Parkin is recruited by PINK1. The translocation of parkin to uncoupled mitochondria and the induction of parkin-mediated mitophagy require the activity of PINK1 (ReFs 41-44). Indeed, ectopic expression of PINK1 (ReFs 45, 46) or experimentally induced accumulation of PINK1 on mitochondria 41 are sufficient to induce parkin translocation and mitophagy in the absence of mitochondrial uncoupling. Genetic studies in flies also show that PINK1 and parkin function in the same pathway to prevent pathology in vivo 34, 35, 47 , which is consistent with the hypothesis that mitophagy induction may be a key physiological function of PINK1 and parkin. Interestingly, NIX has been recently reported to promote parkin translocation and parkin-mediated mitophagy in mouse embryonic fibroblasts 48 . Figure 2 | The atg32, NiX and PiNK1-parkin pathways of mitophagy. Mitophagy requires the specific labelling of mitochondria and their recruitment into isolation membranes. a | In yeast this occurs through the outer mitochondrial membrane protein autophagy-related 32 (Atg32), which can bind the isolation membrane protein Atg8 through its WXXL-like motif. How mitochondria are specified for removal to calibrate the mitochondrial population density according to the cell's metabolic demand remains unknown but may occur through the adaptor protein Atg11, which binds both Atg32 and Atg8 and could physically link mitochondria and isolation membranes. Finally, the isolation membranes seal mitochondria in autophagosomes and fuse with lysosomes to allow degradation. b | During differentiation, red blood cells lose their mitochondria through mitophagy. Expression of the outer mitochondrial membrane protein NIP3-like protein X (NIX; also known as BNIP3L) increases during red blood cell differentiation and is required for mitochondrial removal. NIX has a WXXL-like motif, which binds to MAP1 light chain 3 (LC3; a homologue of yeast Atg8) on isolation membranes and is thought to mediate the binding and sequestration of mitochondria into autophagosomes. c | When mitochondria are damaged and lose membrane potential, the kinase PTEN-induced putative kinase protein 1 (PINK1) accumulates (shown as a halo around the mitochondrion) and recruits the E3 ubiquitin ligase parkin from the cytosol specifically to the damaged mitochondrion. Parkin ubiquitylates mitochondrial proteins and causes mitochondria to become engulfed by isolation membranes that then fuse with lysosomes. This may mediate mitochondrial quality control.
So how does PINK1 detect mitochondrial damage and respond to uncoupling to recruit parkin? The significant increase in PINK1 following mitochondrial uncoupling 41, 44, 49 does not explain how PINK1 distinguishes damaged and healthy mitochondria in individual cells to mediate parki n recruitment only to uncoupled organelles (FIG. 2c) . However, the finding that PINK1 is rapidly turned over by proteo lysis in healthy mitochondria suggests a novel mechanism for the detection of damaged mitochondria 41, 44 . PINK1 seems to be expressed and imported into all mitochondria and then rapidly degraded by proteo lysis and maintained at very low levels. When a subset of mitochondria becomes damaged, PINK1 proteolysis is inhibited, allowing the accumulation of PINK1 only in damaged mitochondria and the subsequent recruitment of parkin specifically to organelles that are accumulating PINK1 (ReF. 41) . In fly cells, the protease Rhomboid 7 has been reported to cleave and activate PINK1 (ReF. 50) . Which protease normally degrades and inhibits mammalian PINK1 remains unknown, and it is unclear how PINK1 cleavage is regulated by membrane potential. Furthermore, although it is reported that PINK1 binds 43, 51, 52 and phosphorylates parkin 45, 53 , the molecular mechanism by which PINK1 recruits parkin to mitochondria remains unclear.
Induction of mitophagy by parkin.
The induction of mitophagy following parki n recruitment is thought to involve the parkin-mediated ubiquitylation of mitochondrial substrates; indeed, the E3 ubiquitin ligase activity of parkin increases following its translocation to mitochondria 44 . Furthermore, parkin ubiquitylates mitochondrial substrates following CCCP-induced uncoupling 43, 44, [54] [55] [56] , and mitochondrial substrates prominently display Lys63-linked polyubiquitin chains 55, 56 , which are usually associated with signalling and not proteosomal degradation. Furthermore, the ubiquitin-binding adaptor p62 (also known as sequestosome 1), which can both aggregate ubiquitylated proteins by polymerizing with other p62 molecules and recruit ubiquitylated cargo into autophagosomes by binding to LC3 (ReF. 57) , accumulates on mitochondria following parkin-mediated ubiquitylation 43, 48, [54] [55] [56] . Although it is clear that p62 binds to parkinubiquitylated mitochondrial substrates and mediates clumping of mitochondria, there have been contradicting reports showing that p62 is 43, 48, 54 or is not 55, 56 essential for parkin to promote mitophagy. The histone deacetylase HDAC6, which also binds ubiquitylated substrates, accumulates on mitochondria following parkin translocation and is required for parkin-mediated mitophagy, indicating a possible link between mitochondrial transport and mitophagy 54 . Many parkin substrates from several cell ular compartments have been reported 58 .
In mitochondria, four substrates of parki n have been identified: the mitofusin mitochondrial assembly regulatory factor (MARF) in flies 59, 60 , and mitofusin 1, mitofusin 2 (ReFs 61,62) and voltage-dependent anionselective channel protein 1 (vDAC1) in mammalian cells 43 , all of which are embedded in the OMM.
In addition to activating signalling pathways through Lys63-linked ubiquitylation of mitochondrial substrates, parkin triggers substrate degradation. Specifically, the ubiquitylation of mitofusins seems to mediate proteosomal degradation and to thereby promote mitochondrial fragmentation and possibly mitophagy 62 . As mitofusins mediate mitochondrial fusion, it is thought that, by inducing their degradation 62 , parkin actively inhibits the re-fusion of damaged and healthy mitochondria and thereby segregates impaired mitochondria for mitophagy. Ubiquitylation of vDAC1, the most abundant OMM protein, may 43 or may not 56 be required for parkin-mediated mitophagy.
Link to Parkinson's disease. Early onset hereditary forms of Parkinson's disease can be caused by loss of function mutations in PINK1 or PARK2 (which incodes parkin). Several mutations in parkin found in patients with Parkinson's disease caused defects in mitophagy, whereas parkin translocation was variably affected, indicating that discreet steps are involved in mitophagy upstream and downstream of parkin trans location 41, 43, 44, 54 . In addition, PINK1 mutations in patients with Parkinson's disease also caused defective parkin recruitment and parkin-induced mitophagy 41, 63 . Moreover, mutations and deletions in mtDNA have been linked to Parkinson's disease, which is consistent with the model that a defect in mitochondrial quality control may con tribute to the aetiology of certain forms of the disease
.
Conclusion and perspectives
Selective elimination of mitochondria by autophagy, in conjunction with mitochondrial biogenesis, regulates the changes in steady-state mitochondrial number that are required to meet metabolic demand. Damaged mitochondria are also selectively removed by mitophagy to maintain quality control. Mitophagy involves distinct steps to recognize defective or superfluous organelles and to target them to autophagosomes. In yeast, Atg32 seems to recruit redundant and/or damaged mitochondria to autophagosomes. In mammals, NIX mediates develop mental removal of mitochondria during erythropoiesis, and parkin and PINK1, the genes of which are mutated in autosomal recessive forms of Parkinson's disease, can regulate the selective autophagy of damaged mitochondria in many cell types.
More precise and quantitative assays of mitophagy are needed in all these systems. For example, one weakness of the model suggesting that parkin induces mitophagy has been the requirement for
Box 1 | Mitochondrial damage associated with Parkinson's disease
Parkinson's disease is caused by the loss of dopaminergic neurons in the substantia nigra, a region in the midbrain that is important for modulating motor control. The disease is largely sporadic, with little known genetic component. However, numerous monogenic causes of Parkinson's disease have been identified, with both autosomal dominant and recessive forms 66 . Two of the autosomal recessive genes, PTEN-induced putative kinase protein 1 (PINK1) and PARK2 (which encodes parkin), have roles in mitophagy of damaged mitochondria [39] [40] [41] [42] [43] [44] 46 . Consistent with this, excessive mitochondrial damage has been linked to Parkinson's disease 67 . Furthermore, deletions in mitochondrial DNA (mtDNA) have been found to accumulate with age and appear most commonly in the substantia nigra 68, 69 . Such deletions are found in patients with Parkinson's disease more frequently than in age-matched controls 69 , and patients with a higher rate of mtDNA deletions owing to defective mtDNA replication develop Parkinson's disease as a result of mtDNA deletions in their substantia nigra neurons [70] [71] [72] . Thus, Parkinson's disease can be caused by the accumulation of mitochondrial damage. We suggest this can occur two ways: by excessive mitochondrial stress (as may occur following exposure to environmental toxins, such as MPTP or Paraquat, or defective mtDNA replication) or by the failure to clear normally occurring damaged mitochondria by mitophagy (as is suggested to occur in patients with mutations in PINK1 and PARK2).
parkin overexpression to show clearance of all mitochondria from a large percentage of cells. Although endogenous PINK1 has been shown to be required for mitophagy in cells expressing only endogenous parkin 41 , it is still not known whether knocking out parki n decreases the rate of mitophagy. This has been difficult to address because of the crude assays that are currently available to quantify mitophagy. A more quantitative assessment of mitophagy is needed to determine whether endogenous parkin mediates an increase in the mitochondrial turnover rate. Dopaminergic neurons that are derived from induced pluripotent stem cells of patients with mutations in PARK2 and PINK1 should soon be available and will be helpful for further studies of the role of mitophagy in Parkinson's disease. The study of mitophagy in animal models in vivo is also needed to rigorously test the model that parkin and PINK1 mediat e mitochondrial quality control. Beyond its role in Parkinson's disease, parkin has also been found to be a tumour suppressor, suggestin g it will be worth exploring the role of mitophagy in cancer biology 64, 65 .
The rapid pace of current investigation indicates that we will soon better understand important missing steps such as how mitophagy is regulated to titrate mitochondrial numbers and how mitochondria are tagged for autophagosomal recognition. The proposal that defects in mitophagy may be linked to Parkinson's disease suggests that this nascent research topic will also be important to understand and, hopefully, to treat human disease.
